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This document contains supporting figures (SI Fig-
ures 1–5) referenced in the main text of this work.
Specifically, Figure S1 shows work distributions for
rotating toluene in lysozyme as a function of the
amount of NCMC relaxation. Figure S2 shows the
work standard deviation for toluene in lysozyme as
a function of the amount of switching. Figure S3
shows the dihedral progress coordinate used for 3-
iodotoluene. Figure S4 shows the estimated MSM
transition matrix for toluene in lysozyme. Figure S5
shows acceptance of NCMC vs standard MC move
proposals as a function of dihedral angle/binding
mode, given a fixed ensemble of MD snapshots.
A separate supporting .tar.gz file is available,

containing an extensive set of input files, scripts,
and code which can be used to reproduce the cal-
culations described in this work.
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Figure S1: Work distributions from increasing NCMC relaxation for rotation of toluene in T4 lysozyme. The
work distributions from 5000 NCMC+MD iterations of varying NCMC relaxation steps are plotted as a his-
togram over the range [-10,30]. A given histogram is over all the counts from that protocol. (A) Work
distribution from 1000 NCMC steps. (B) Work distribution from 5000 NCMC steps. (C) Work distribution from
10000 NCMC steps. (D) Work distribution from 20000 NCMC steps. (E) Work distribution from 30000 NCMC
steps. Increasing the number of relaxation steps increases the likelihood that a move will be accepted.
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Figure S2: Work standard deviations from increasing NCMC relaxation for rotation of toluene in T4 lysozyme.
The standard deviation of the work distributions from 1000 NCMC+MD iterations of varying NCMC relaxation
steps. As the number of relaxation steps increase the standard deviation also decreases, which is correlated
with the probability of NCMC move acceptance.
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Figure S3: Order parameters used for identifying
binding modes for 3-iodotoluene in T4 lysozyme.
Shown is a depiction of the dihedral order parameter
used to differentiate toluene’s binding modes. The
dihedral which we monitor is defined by the C1, C5,
and I8 atoms of 3-iodotoluene and the alpha carbon
of VAL111, shown in orange in CPK representation
in orange. In the image, the atoms involved in the
dihedral are connected by a purple line, and the di-
hedral angle measures rotation around the central
dashed purple line. The protein is shown in a blue
cartoon representation, and 3-iodotoluene is shown
in cyan.
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Figure S4: Populations and transitions between MSM macrostates for toluene in lysozyme. Visual repre-
sentation of the MSM transition matrix and populations generated from Section 2.4 of the main text. The
circles labeled with numbers represent separate macrostates, with the populations of each state given by
the percentages above and below each circle. The arrows between them represent transition probabilities.
Representative binding modes from a macrostate are pictured next to that macrostate.

S5



2 0 +2

Dihedral angle (radians)

10 4

10 3

10 2

10 1

100

Pr
ob

ab
ilit

y

(a) 3-iodotoluene rotations via MC
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(b) 3-iodotoluene rotations via NCMC

Figure S5: Acceptance of conventional MC move proposals versus NCMC move proposals proposed from a
fixed set of configurations of 3-iodotoluene in T4 lysozyme L99A. Shown is a comparison of the probability of
accepting moves sampling a given ligand binding mode (monitored by a dihedral angle progress coordinate)
for 3-iodotoluene in T4 lysozyme L99A for MC move proposals (left plot) and NCMC move proposals (right
plot), giving the same ensemble of MD snapshots as a starting point for move proposals. Starting MD snap-
shots have the ligand in a binding mode in the blue region, but accepted moves involve random rotations of
the ligand and thus can be to any binding mode/dihedral angle. In other words, each MC or NCMC trial starts
from a selected MD snapshot from within the blue region and, if the move is accepted, the final dihedral
angle is computed and a counter is incremented which is used to compute the probabilities on the vertical
axis. The MC panel (a) shows data from ten trials of 2,000,000 MC attempts with an overall acceptance rate of
(1.2± 0.2)× 10−2 %, but significant moves (larger than 20 degrees) accepted at a rate of only ((5± 2)× 10−5

%). The NCMC panel (b) shows data from seven trials (denoted by dashed vertical lines) of 2000 move at-
tempts, with each move attempt consisting of 6500 NCMC switching steps. Here, the overall acceptance rate
is 0.8±0.1%, with moves larger than 20 degrees accepted at a rate of 0.68±0.07%. In (a), for MC, we observed
a total of 13 significant rotations, whereas in (b), in the equivalent number of force evaluations we observed
24 (though the data shown here represents a much larger number of force evaluations for better statistics).
In the MC case, because moves are instantaneous, very few significant moves outside the blue region are
accepted, giving an (apparently false) impression that the binding mode in the initial green region is by far
the more favorable binding mode. In contrast, in the NCMC case, because NCMC allows relaxation of the
environment, most of the accepted moves are significant and outside the green region, indicating that the
alternate binding mode is in fact likely to be more favorable.
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Figure S6: 3-iodotoluene trajectory comparisons between NCMC and MC as a function of a dihedral progress
coordinate. (a,b,c) Dihedral angle (corresponding to binding modes) observed with NCMC as a function of
simulation time. (d,e,f ) Dihedral angle (corresponding to binding modes) observed in the MC as a function
of simulation time. Each iteration consists of the same number of energy evaluations, with either 6500
NCMC switching steps or 6500 MC attempts, followed by 10,000 steps of MD. For MC we simulated for 2500
iterations, while for NCMC we simulated for 5000 iterations The periodic dihedral plotted here spans from
[0,2π]. The NCMC simulations show more consistent behavior between simulations compared with MC; each
NCMC simulation transitions to another stable binding mode (around 1 rad) within 1000 iterations, while the
MC simulations sometimes fail to transition to this binding mode at all within 2500 iterations. The overall
success rate (per energy evaluation) for transitioning to alternate binding modes appears roughly comparable
between the two cases.

S7



103 104 105

NCMC switching steps

0.0

0.1

0.2

0.3

0.4

Ac
ce

pt
an

ce
 ra

te

Figure S7: Acceptance probability for toluene in solution as a function of the amount of NCMC relaxation.
The acceptance probability of turning toluene’s steric and electrostatics off, followed by a random rotation
and turning back on toluene’s interactions is shown here as a function of the NCMC switching steps. At 1000
switching steps these moves show no acceptance, but the acceptance rates increase with increasing switching
steps, up to 32%±2% for 100,000 steps. For each switching step, the uncertainty was calculated based on
blocking of 500 BLUES iterations, consisting of the number of switching steps and 100 steps of MD. The
number of blocks used was the amount that maximized the standard deviations of the acceptance rate across
blocks.
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